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We demonstrate the application of the CELIV (charge carrier extraction by linearly increasing
voltage) technique to bilayer organic light-emitting devices (OLEDs) in order to selectively
determine the hole mobility in N,N0-bis(1-naphthyl)-N,N0-diphenyl-1,10-biphenyl-4,40-diamine
(a-NPD). In the CELIV technique, mobile charges in the active layer are extracted by applying a
negative voltage ramp, leading to a peak superimposed to the measured displacement current
whose temporal position is related to the charge carrier mobility. In fully operating devices, how-
ever, bipolar carrier transport and recombination complicate the analysis of CELIV transients as
well as the assignment of the extracted mobility value to one charge carrier species. This has moti-
vated a new approach of fabricating dedicated metal-insulator-semiconductor (MIS) devices, where
the extraction current contains signatures of only one charge carrier type. In this work, we show
that the MIS-CELIV concept can be employed in bilayer polar OLEDs as well, which are easy to
fabricate using most common electron transport layers (ETLs), like Tris-(8-hydroxyquinoline)alu-
minum (Alq3). Due to the macroscopic polarization of the ETL, holes are already injected into the
hole transport layer below the built-in voltage and accumulate at the internal interface with the
ETL. This way, by a standard CELIV experiment only holes will be extracted, allowing us to deter-
mine their mobility. The approach can be established as a powerful way of selectively measuring
charge mobilities in new materials in a standard device configuration.VC 2017 Author(s). All article
content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY)
license (http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4982903]
I. INTRODUCTION
Charge carrier mobility is one of the most important
material parameters in organic electronics. In organic light-
emitting diodes (OLEDs) where electrons and holes are
injected by electrodes and recombine in the active layer,
leading to light emission, one of the key factors determining
the (current-to-luminance) efficiency is the charge balance
factor.1–3 This factor can be maximized by the stack design,
e.g., using blocking layers, as well as optimizing the carrier
mobilities in the charge transport layers. Bimolecular carrier
recombination is directly proportional to carrier mobility;4
thus, a high carrier mobility translates into a high recombina-
tion efficiency which in turn is linked to a high charge bal-
ance factor, too.
In organic solar cells (OSCs), conversely, a high current
collection efficiency is based on high carrier mobilities and
ensures maximum photocurrent, and low bimolecular recom-
bination losses allow for a high fill factor. As a rule-of-
thumb, higher and balanced electron and hole mobilities are
favourable for good organic solar cells.5,6 It has however
been shown that there is a trade-off discouraging too high
mobilities, and furthermore, monomolecular recombination
can play a role as well.7–9
In any case, the charge carrier mobility of the majority
charge carriers in an organic semiconductor material is one
of the most relevant parameters for further optimization of
organic electronic devices. Various experimental techniques
such as space-charge limited current-voltage curves,10 time-
of-flight,11,12 admittance spectroscopy,13,14 dark injection
transients,15,16 field-effect mobility,17 and charge extraction
by linearly increasing voltage (CELIV)18,19 are in principle
available to assess this parameter. Most of these techniques
come with the need to fabricate dedicated devices with espe-
cially thick layers, or with different contact materials than in
the final device geometry to ensure unipolar transport. The
only one that can be performed on fully operating devices is
photo-CELIV in organic solar cells, where the identification
of the sign of the majority charge carrier is a non-obvious
task, however.
The CELIV technique was originally developed by
Juska et al.18 to extract the charge carrier drift mobility in
thin-film silicon, and has been subsequently applied to doped
organic layers20,21 and to organic photovoltaic cells.22 The
technique can in principle be applied to any kind of device
that behaves as a diode, meaning that it needs to be non-
injecting under reverse bias conditions. Applying a negative
voltage ramp induces a constant displacement current due
to the electric field changing linearly with time. In case
mobile charges are already present in the device under thea)Electronic mail: simon.zuefle@zhaw.ch
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conditions prior to the voltage ramp, these charges are
extracted by the reverse field, and the transit time and num-
ber of carriers are linked to an additional current peak on top
of the displacement current plateau. The charges being
extracted can be equilibrium carriers (induced by electrical
dopants), photo-generated carriers, or previously injected
carriers. We can thus distinguish among dark-CELIV, photo-
CELIV, and injection-CELIV. To clarify the experimental
details, we schematically show the voltage and current tran-
sients in Fig. 1.
The transient position of the CELIV current peak is
related to the charge carrier transit time and, therefore, to the
mobility. The first analytical model to calculate the mobility
l was given by Juska et al. with18
l ¼ 2d
2
3A  t2max
; (1)
where the layer thickness is denoted by d, the voltage ramp
is A ¼ dV=dt, and the position of the current maximum is
tmax.
The application of this formula is, however, very lim-
ited, as the underlying assumptions (drift only, uniform
charge carrier distribution, no RC-effects) are usually not
justified.23 Several other approaches have therefore been pur-
sued to describe the full transient current, and specifically to
quantify the mobility.24–27 In bipolar devices, the peak con-
sists of both electrons and holes, and it is not possible to
unambiguously assign the extracted mobility to one specific
charge carrier type. Also, depending on the ratio of the elec-
tron and hole mobility as well as the ratio of electron and
hole density the extracted mobility can be the faster one, the
slower one or an average of the two species. Finally, the
peak position and thereby the extracted mobility depend on
the relation of the peak height jmax to the displacement cur-
rent plateau j0, the employed voltage ramp rate, (bipolar)
recombination, and the external series resistance23,25 which
further complicates the analysis and can render simple
analytical formulas inaccurate. There have been adaptions
and extensions to the initial equation, but also these are
approximations and valid only in specific cases.21,22,26 A pla-
nar heterojunction organic solar cell represents such a special
case, where the identification of the carrier species was sup-
ported by a thickness variation of either of the two layers.28
The most general modelling approach for the bipolar case
still is the dual-carrier drift-diffusion model, ideally coupled
with a fitting routine, which in the end allows for a real quan-
titative extraction of both charge carrier mobilities.23,29,30
II. APPROACH
So far, it seemed impossible to use fully operating bipo-
lar devices for a valid CELIV analysis. However, recently
several groups have developed a new approach by fabricat-
ing metal-insulator-semiconductor (MIS) devices to deter-
mine both mobilities of the semiconductor.9,31,32 Here, the
extraction current shows signatures of only one charge car-
rier type, which was injected in the first place and for which
the electrode on the semiconductor is selective. The main
advantage of MIS-CELIV is that it is a quite general
approach that can be followed for a large range of materials.
Furthermore, the active layer to be investigated can be
deposited with the same parameters (thickness, morphology)
as in the full stack, so the mobilities in the “real” device can
be inferred to be very similar. However, the fabrication of
well-controlled thin and dense insulating layers can be chal-
lenging. The deposition of metal-oxide insulators can harm
the underlying organic layer; furthermore, the use of specific
insulators like MgF2 can lead to undesired side effects such
as contamination of the evaporation chamber. Finally, inter-
face states between the insulator and organic layer may lead
to band-bending and trapping effects and therefore compli-
cate the analysis. These shortcomings render the use of inor-
ganic insulators not suitable for all research groups and
every material of interest.
Due to their diode behaviour, OLEDs are also suitable for
CELIV experiments but a pre-bias above the built-in potential
needs to be applied for injecting carriers in the first place.
Like in bulk heterojunction OSCs, the CELIV peak, however,
cannot unambiguously be assigned to one carrier type alone
as both of them are injected above the built-in voltage. In this
work, we present for the first time the application of the
CELIV technique in OLEDs with clear identification of the
carrier type, namely, holes. For this endeavour, we take
advantage of the concept of polar layers.33,34
The most simple OLED configuration is a bilayer stack
consisting of a hole transport layer (HTL) and an electron
transport layer (ETL), sandwiched between the electrodes,
where one or both of the two layers shows electrolumines-
cent behaviour such as in the original small molecule OLED
structure by Tang and van Slyke.35 Radiative recombination
takes place in the emissive layer at the HTL/ETL interface,
as soon as the applied voltage is large enough (>Vbi) to
inject both charge carrier species into their respective trans-
port layers. The most commonly used electron transport
materials for OLEDs, like Alq3, TPBi, BCP, and BPhen,
36,37
exhibit a permanent macroscopic polarization due to sponta-
neous orientation of molecular dipoles upon layer deposition,
forming an effective sheet charge density on both sides of
FIG. 1. Schematics of the CELIV experiment, explaining the experimental
quantities used in the text.
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the layer.38 It has been shown that this polarization effect
leads to a reduction of the hole injection voltage Vt, depen-
dent on the thickness of the ETL and on the interface charge
density, according to the following equation:33,34
Vt ¼ Vbi þ QSdETLe0er ¼ Vbi þ
QS
CETL
; (2)
where QS denotes the effective sheet charge density, dETL is
the thickness, er is the permittivity and CETL is the capaci-
tance per unit area of the polar ETL, and Vbi is the built-in
voltage generated by the electrode work function difference.
Note that QS is negative in most cases leading to Vt smaller
than Vbi. In fact, with a thick enough ETL the hole injection
voltage can be even shifted into the negative bias regime,
meaning that below zero bias holes already need to be
injected into the HTL in order to reach equilibrium condi-
tions in a closed circuit. Therefore in the voltage range
between Vt and Vbi, the OLED behaves like a MIS device in
the accumulation regime and the MIS-CELIV technique can
be employed without the need for an insulating layer and still
ensuring carrier selectivity.
III. EXPERIMENTAL
In order to demonstrate the approach proposed here, we
investigate a prototypical OLED stack consisting of ITO
(160 nm)/PEDOT:PSS(30 nm)/N,N0-bis(1-naphthyl)-N,N0-
diphenyl-1,10-biphenyl-4,40-diamine (a-NPD)(80 nm)/Alq3
(60 nm)/Ca(15 nm)/Al(100 nm). The devices have been fabri-
cated at Augsburg University using standard procedures that
have already been described elsewhere.37 The electrical tran-
sient and impedance measurements reported here have been
performed by the all-in-one characterization platform Paios
developed and commercialized by Fluxim AG, Switzerland.39
Drift-diffusion simulations to calculate the CELIV currents
and charge density profiles have been generated using the
commercial tool Setfos 4.4 by Fluxim AG,40 which was
already successfully used to characterize OSCs23,30,41 and
OLEDs.38,42 Hereby, the macroscopic polarization was taken
into account as demonstrated in our previous publication.38
IV. RESULTS
In polar OLEDs, the capacitance-voltage curve
shows three regimes, as seen in Fig. 2.34 At high reverse
bias, the bilayer device is insulating and the measured capac-
itance is the geometric capacitance of the complete stack,
Cgeo ¼ dHTLe0eHTL þ dETLe0eETL
 1
. The hole injection voltage Vt (in this
case 1.2V) is identified as the transition voltage where the
capacitance increases from this value to the capacitance of
the ETL CETL ¼ e0eETLdETL . When holes are injected into the HTL,
it does no longer represent an insulating dielectric and there-
fore does not contribute to the capacitance any more. The
third regime is above the built-in voltage, where bipolar
charge injection and radiative recombination set in so that
the capacitance drops and can even become negative.43,44 It
is noteworthy that the position of the hole injection voltage
can also be obtained by a slow “reverse” CELIV or DCM
(displacement current measurement), where a positive volt-
age ramp is applied to the device.45 As shown in Fig. S1 of
the supplementary material the capacitive current response
follows the same curve as the capacitance-voltage plot.
Figures 3(a)–3(c) depict the equilibrium condition of the
device at zero volts, that is between Vt and Vbi. In the ther-
modynamic equilibrium at zero volts, one normally expects
a negative electric field throughout the device due to the
work-function difference of the electrodes. The schematic
energy levels in Fig. 3(a) show a large potential drop over
the ETL, leading to a strong negative field in this layer
caused by the polar sheet charge densities. Conversely, there
is a weak positive electric field in the HTL, however, giving
rise to hole injection into the HTL. The injected holes accu-
mulate at the internal interface with the polar ETL, since
both the interfacial energy barrier and the opposite electric
field in the ETL prevent the holes from entering the ETL.
This is shown in Fig. 3(b) where we simulate the equilibrium
charge density profile inside the bilayer device. Moreover,
we show the simulated band diagram for this situation in
Fig. 3(c), confirming that there is a driving force for holes to
be injected already below Vbi.
38
For comparison, Figs. 3(d)–3(f) show the corresponding
situation in a standard MIS device. Here, a forward bias
above the built-in potential is applied. The resulting small
positive electric field enables hole injection into the HTL.
The injected holes accumulate at the HTL/insulator inter-
face, as they cannot overcome the large energetic barrier
towards the insulator. Even though the field inside the polar
ETL is strongly negative compared to the constant positive
field in the insulator, the charge density and potential profile
inside the HTL are nearly identical for the two layer stacks.
For the simulated electric field profiles and the modeling
parameters, we refer to the supplementary material.
Figure 3 proves that a polar OLED in the hole accumula-
tion regime does behave like a standard MIS device under for-
ward bias. Therefore, a CELIV measurement, that is a
negative voltage ramp starting from the offset voltage (0V in
Fig. 3), will extract the equilibrium hole density, resulting in
the typical extraction peak. In this case, there is no doubt
about the type of extracted carriers - holes - and the extracted
mobility is neither perturbed by the opposite charge carrier
nor by recombination losses.
For the MIS-CELIV measurement, an offset voltage
with a value between the hole injection voltage Vt and the
FIG. 2. Capacitance-voltage plot of an a-NPD(80 nm)/Alq3(60 nm) OLED
measured at 100Hz. The MIS-regime (II) between Vt¼1.2V and Vbi
¼þ2.2V is indicated by the vertical dashed lines.
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built-in voltage Vbi is applied prior to the CELIV voltage
ramp. The closer the offset voltage is to Vbi, the more holes
will be present in the active layer prior to the extraction
ramp. Figure 4 shows the measured CELIV currents using a
ramp rate A ¼ 2000V=ms at varied offset voltages. At off-
set voltages below the hole injection voltage Vt¼1.2V,
both HTL and ETL are empty and therefore insulating.
Then, the current density consists only of the displacement
current j0 ¼ Cgeo  A. For voltages above the hole injection
voltage, holes are present prior to the ramp and are extracted
by it, leading to the characteristic current peak. We observe
a saturation of this peak at a value corresponding to the
capacitive current density of the ETL j1 ¼ CETL  A. The
appearance of this saturation corresponds to the space-
charge limited current, as pointed out by Juska et al.31 The
reason is that during a time step not more than the charge on
the capacitor plates CETLV can be displaced. The ratio of the
current levels corresponds to the simple layer thickness ratio
j1
j0
¼ dETLþdHTLdETL of about 2.2 in our case if we neglect differ-
ences in dielectric permittivity.
Figure 5 shows various parameters extracted from the
data of Fig. 4, which were obtained for an a-NPD/Alq3
device with offset voltage variation. The current maximum
and the extracted charge, which is the time-integrated current
Qtot ¼
Ð tramp
0
ðjðtÞ  j0Þdt, are plotted in Fig. 5(a). Below the
hole injection voltage no charges are extracted, and the cur-
rent is just the constant displacement current. Above Vt holes
are extracted, showing up in the linearly rising current maxi-
mum and extracted charge. For high voltages above the
built-in voltage, both quantities saturate due to the space-
charge limitation.
FIG. 3. (a) Schematic energy level diagram of a bilayer OLED with a polar ETL for an offset voltage Vt<Voff<Vbi. The layer under investigation is
highlighted by blue colour, the sheet charge densities are denoted by squares, and electrons and holes by filled and open circles, respectively. (b) Simulated
equilibrium charge carrier densities of holes (red full line) and electrons (blue dashed line) for an offset voltage of 0V and using an 80 nm thick HTL (left), a
60 nm thick ETL (right) and assuming a sheet charge density of 1.8 mC/m2 at the HTL/ETL interface. The inset shows a logarithmic representation. (c)
Simulated band diagram for the same layer stack at an offset voltage of 0V. (d) Schematic energy level diagram of a MIS-device for an offset voltage
Voff>Vbi. (e) Simulated equilibrium charge carrier densities of holes (red full line) and electrons (blue dashed line) for an offset voltage of 3.4V and using an
80 nm thick HTL (left) and a 60 nm thick Insulating layer (right). The inset shows a logarithmic representation. (f) Simulated band diagram for the MIS-device
at an offset voltage of 3.4V.
FIG. 4. MIS-CELIV measurement on an a-NPD(80 nm)/Alq3(60 nm) device
at varied offset voltages from 1.6V to 6.2V. For offset voltages below the
hole injection voltage Vt¼1.2V, only the displacement current plateau is
observed. The displacement current j0 and the saturation current j1 are
denoted by dashed lines.
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In order to determine the hole mobility, the conventional
CELIV formula (Eq. (1)) cannot be used as it assumes a bulk
charge distribution, and does not account for the redistribution
of the electric field by the insulating layer. There is, however,
the analytical framework for MIS-CELIV, which was origi-
nally proposed by Juska et al. This is based on the assumption
that all the equilibrium charges accumulate at the internal
interface in an infinitesimally narrow distribution9,31,46
l ¼ 2d
2
HTL
A  t2tr
 1þ eHTLdETL
eETLdHTL
 
¼ 2d
2
HTL
A  t2tr
 1þ j0
j1  j0
 
: (3)
In Eq. (3), ttr is the transit time, A is the voltage ramp, d
denotes the layer thicknesses, and e is the respective relative
permittivity of the layers. If the permittivity is not known
and the saturation current j1 is observed in the measurement,
using the second part of Eq. (3) can help to reduce
uncertainties.
In standard MIS devices, the ratio j1/j0 is large due to
the typically thin insulator layers and their high permittiv-
ities. Under this condition, the transit time can be estimated
from the time t1 when the current reaches twice the plateau
value, j(t1)¼ 2j0.31 The two times are then related by
ttr ¼ 4p t1.31,46 In case the proportions of the layer thicknesses
are nonideal, Vazg _ela et al. provide a correction factor in
Figure 2 of their publication.46 For our device, the ratio j1/j0
is approximately 2.2, so we take the relation between t1 and
ttr to be approximately: ttr 0.55t1. The problem is that t1
can be determined only for high offset voltages above Vbi,
and hence, the mobility analysis may be disturbed by elec-
tron contributions.
Therefore, we focus on the low-conductivity regime by
investigating the small peaks that occur for offset voltages
just above the hole injection voltage. Here, only a small
charge density is present and the extraction current is unper-
turbed by space-charge effects. In accordance with conven-
tional CELIV theory, Juska et al. state that in the small-
charge limit the transit time is identical to the transient posi-
tion of the current peak.31
Figure 5(b) shows the extracted mobility values for the
measurements of Fig. 4 using Eq. (3). Thereby, we have esti-
mated the transit time by either the peak position ttr¼ tmax,
or, if possible, using the time t1 via ttr¼ 0.55 t1. The first
method gives values around 9  105 cm2/Vs just above Vt,
while for higher offset voltages the extracted mobility is
lower, due to the starting saturation and space-charge effects.
The values estimated using t1 are higher (up to 1.6  104
cm2/Vs); however, they are not reliable as t1 is only observed
in the bipolar regime above Vbi. We therefore conclude that
for bilayer OLEDs the most convenient and reliable way to
determine the mobility is from the small-charge regime, that
is using offset voltages just above the hole injection voltage.
The extracted values are in qualitative agreement with
values reported earlier in the literature: the reported hole
mobilities in a-NPD using time-of-flight lie in the range of
3–9 104 cm2/Vs,47–52 values obtained by admittance
spectroscopy are 3–4 104 cm2/Vs,51,53 by space-charge
limited current 2–90 105 cm2/Vs,54 by field-effect
mobility 2  105 cm2/Vs,55 and by dark injection transient
currents (DITC) 2 104 cm2/Vs.53 Our own DITC meas-
urements on 1500 nm thick a-NPD films (see the supplemen-
tary material) give 2–3  104 cm2/Vs at fields on the order
of 5  104V/cm.
Obviously, the field dependence can be further investi-
gated, where in the CELIV theory usually the extraction field
at the peak time Eext ¼ VðttrÞVbidtot is taken. The consistency
with mobility values determined by the alternative methods
confirms the new CELIV method with standard devices to be
reliable in practice.
However, as a side remark we want to note that, instead
of using CELIV formulas, we can also resort to drift-
diffusion simulations as we have already demonstrated in the
context of OSCs.30,40 Since in the MIS-regime of the polar
device only holes are present, the CELIV transients can be
fitted with the hole mobility as the only fitting parameter.
Using the drift-diffusion simulation software Setfos, we
obtain a value of 1.2  104 cm2/Vs, in very good agreement
with the measurement.
V. DISCUSSION
In principle, the presented approach can also be used in
order to analyse the electron mobility of an active layer. In
this case, a polar hole transport material is needed, on top of
FIG. 5. Extracted parameters from the MIS-CELIV measurements shown in
Fig. 4 with offset voltage variation. (a) Current maximum and integrated
charge. For clarification, some variables used in the text are also denoted in
grey. (b) Calculated mobility using Eq. (3) with two different estimates of
the transit time.
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which the active layer is deposited, followed by the electron
injecting contact (see Fig. 6(b)). While so far no hole trans-
port materials leading to films with a permanent dipole
moment have been reported, such materials can be obtained
using dipolar doping. J€ager et al. have shown that by mixing
Alq3 into an a-NPD matrix the polarity of the HTL can be
controlled.56 The electron transport material Al(7-Prq)3 has
been demonstrated by Noguchi et al. to exhibit an inverted
polarization with a sheet charge density of þ3.1 mC/m2.57 In
a bilayer configuration as shown in Fig. 6(c), it would thus
be possible to determine the electron mobility in this mate-
rial. Simulated equilibrium charge and field profiles for this
case can also be found in the recent publication by Altazin
et al.38 It would then also be feasible that by dipolar doping
of Al(7-Prq)3 into an HTL the hole mobility of the HTL host
could be determined (Fig. 6(d)).
Of the different configurations depicted in Fig. 6, the
first two seem the most relevant, as they allow to selectively
determine the hole and electron mobility of an active layer
by fabricating two devices where the material under investi-
gation once is deposited onto the hole-injecting contact, and
once an electron-selective contact is deposited onto this
layer. Obviously, this also allows us to selectively investi-
gate charge carrier transport in general bipolar and bulk-
heterojunction semiconductor layers.
Concerning material choice of the polar layer, many com-
monly used electron transport materials show the orientation
polarization effect. In Alq3, the polar sheet density has been
reported by several groups to lie around 1.1 mC/m2—with
the negative polarity at the HTL/ETL interface—confirmed by
displacement current measurement,58,59 capacitance-voltage,34
and Kelvin Probe36,60 techniques. For the device reported in
Figs. 2 and 4, we find a larger value of QS¼1.8 mC/m2 using
Eq. (2), which is in agreement with a recent publication by
J€ager et al. (1.7 mC/m2).56 Obviously, the fabrication condi-
tions play a role in the formation of the macroscopic polariza-
tion. Other polar electron transport materials exhibiting
orientation polarization are TPBi (1.1 mC/m2), BCP, (0.51
mC/m2), and OXD-7 (2.3 mC/m2).36
There are two key advantages of the presented approach
compared to other measurement techniques. First, the active
layers to be investigated can be prepared and deposited in
the same way and especially with the same thickness as in a
regular OLED or solar cell stack; thus, the extracted mobility
values can be assumed to be the same in the regular device.
The second key advantage is that the employed organic
polar electron transport layers are very easy to handle and
deposit, and furthermore less harmful to the underlying mate-
rials than oxide insulators. Basically every group working in
the OLED field can fabricate Alq3 layers by thermal evapora-
tion, and could thus employ the new CELIV technique.
VI. SUMMARY
We presented a new approach to apply the CELIV tech-
nique to organic semiconductor bilayer devices employing a
polar electron transport layer, like Alq3. The two sheet
charge densities on either side of this polar layer lead to a
shift of the hole injection voltage in the layer of interest to
values lower than Vbi, zero or even negative bias. We take
advantage of the fact that between this hole injection voltage
and the built-in voltage the device behaves like a MIS-
device, where the active layer is the semiconductor and the
ETL takes the role of the insulator. Under these conditions,
the MIS-CELIV experiment can be performed and the hole
mobility of the active layer under investigation can be deter-
mined. This method therefore has the potential to be applied
rather generally to new thin film semiconducting materials
for organic solar cells and OLEDs. In combination with
dipolar doping, both hole and electron mobility of a material
can be assessed.
SUPPLEMENTARY MATERIAL
See supplementary material for the displacement current
measurement (DCM) and the dark injection transient current
(DITC) measurement, as well as the modeling parameters
and simulated electric field profiles.
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mobility of the HTL; however, no such material is reported so far.
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